[1] This paper presents the first retrievals and validations of ozone vertical distributions from a set of high-resolution nadir thermal infrared measurements. These were obtained by the Interferometric Monitor for Greenhouse gases (IMG) instrument, which has operated on board the Japanese ADEOS platform between 1996 and 1997. The Optimal Estimation Method is used for the retrievals, along with a priori profile and covariance matrix built from model climatologies. We compare the retrieved IMG profiles with high-vertical-resolution ozone sonde measurements. Therefore we selected a set of IMG spectra collocated to within 3°of longitude and latitude with a representative distribution of ground-based stations. We demonstrate that thanks to the two to four independent pieces of vertical information contained in the spectroscopic measurements with a maximum sensitivity in the upper troposphere-middle stratosphere, the thermal infrared nadir sounders are able to capture most of the ozone spatial and temporal variations. In particular, the latitudinal variations of the stratospheric ozone maximum are well represented in the retrievals, as are the high ozone concentrations observed in the upper troposphere-lower stratosphere at northern midlatitudes during springtime. Ozone depletion events in the Arctic vortex are also well reproduced. The measurements provide an accurate view of the tropospheric ozone content, except when the latter is very low. A detailed error budget reveals that the major part of the error in the IMG retrieved ozone profile is due to the smoothing of the true profile by the averaging kernel matrix, with additional contributions associated with the measurement noise and the inaccurate knowledge of the temperature profile and of the Instrument Line Shape (ILS). 
Introduction
[2] Ozone plays a key role in the chemical processes occurring in the atmosphere, as well as on the climate. On average, about 90% of the total ozone is present in the stratosphere and only 10% in the troposphere. Important variations of the ozone vertical distribution can, however, occur as a result of photochemical and dynamical processes. The tropospheric ozone component is particularly highly variable in space and time [Lelieveld and Dentener, 2000] , and needs to be monitored as accurately as possible over the globe in order to provide a better insight into air quality, the transport of pollution or the radiative forcing.
[3] The measurement of the ozone vertical distribution in the lower atmosphere is best performed by ozone sondes, which generally provide values of ozone concentrations from the ground to about 30-35 km, with a very high vertical resolution (0.1 km) and a good precision (2%) and accuracy (5%). The Network for the Detection of Stratospheric Changes (NDSC) provides long time series of ozone sonde measurements, at different sites, mainly located in the Northern Hemisphere. The World Ozone and Ultraviolet Data Center (WOUDC) provides soundings at many additional locations, but the regular measurements in the Southern Hemisphere and tropical regions remained sparse until recently. The Southern Hemisphere Additional Ozonesondes (SHADOZ) program, which has archived data since 1997 [Thompson et al., 2003a [Thompson et al., , 2003b , has therefore improved the spatial coverage of the ozone sonde network. In spite of this, the local sondes measurements, typically performed on a weekly basis, are not able to give a global picture of the changing ozone distribution and therefore to provide the required data to better understand tropospheric chemical and dynamical processes, and to track pollution events. Remote sensing from satellite-based instruments offers the best way to complement the ozone sonde measurements.
[4] In the past, the satellite remote sensing of ozone has mainly taken advantage of the strong spectral signatures that the molecule displays in the UV and the visible spectral regions. In particular, the Total Ozone Mapping Spectrometer (TOMS) (http://toms.gsfc.nasa.gov/) and the Global Ozone Monitoring Experiment (GOME) have proven very valuable for measuring global ozone concentrations. With TOMS, quantitative information on the tropospheric ozone component was obtained by subtracting the ozone column above the tropopause, as measured by alternative satellites [e.g., Fishman et al., 2003, and references therein] . The method proved very successful in identifying seasonal and spatial variations of tropospheric ozone, but showed limited accuracy when compared to ozonesondes in some cases [Peters et al., 2004] . The retrieval of tropospheric ozone partial columns from the GOME instrument, which allowed measuring ozone profiles down into the troposphere, was successfully achieved by means of different algorithms [Hoogen et al., 1999a [Hoogen et al., , 1999b Müller et al., 2003; Munro et al., 1998 ]. The results showed good agreement with the sondes and alternative satellite instruments in most cases.
[5] High-resolution nadir infrared spectroscopy from space offers another means for measuring accurate ozone concentrations on a global scale [Clerbaux et al., 1998; Turquety et al., 2002 Turquety et al., , 2004 . These measurements, which use the intense ozone absorption band around 10 mm, will gain importance on the short term with the launches of the Tropospheric Emission Spectrometer (TES, on board EOS-AURA) in June 2004 and the series of Infrared Atmospheric Sounding Interferometers (IASI, on board MetOp) from 2006. Interestingly, both platforms also include UVvisible instruments (OMI and GOME-2, respectively), which could be used in synergy with the infrared spectrometers to improve the accuracy as well as the vertical sensitivity of the ozone retrievals. In order to investigate this further, it is at first important to fully characterize the information that can be extracted for the ozone vertical distribution with each of these instruments taken individually. This work aims at performing a detailed study regarding the potential of high-resolution nadir spectrometers operating in the thermal infrared spectral range, to measure ozone vertical profiles. Such analyses have been conducted previously for the preparation of the TES mission [Bowman et al., 2002; Clough et al., 1995] . In their paper, Bowman et al. have notably demonstrated, on the basis of simulated spectra from ozone sonde measurements over a single location (the Bermuda), that the IR nadir sensors should be able to capture large ozone variations in the troposphere, with a resolution of about 6 km. In this work, we intend to go further, by analyzing a set of data from the Interferometric Monitor for Greenhouse gases (IMG) instrument [Kobayashi et al., 1999] , which flew on board the Japanese ADEOS platform between 1996 and 1997. IMG provided the first set of high-resolution nadir thermal infrared spectra, especially well suited to evaluate the scientific return to be expected from forthcoming satellite missions.
[6] In the next section, the IMG instrument and spectra are briefly presented. Section 3 describes the retrieval approach and algorithm as well as the characterization methods used, in terms of information content and error analysis. Section 4 presents the results of the ozone retrievals, made on a selection of IMG spectra, coincident with ozone soundings made at several stations around the globe. Relying on the comparison with the sondes data, the discussion emphasizes the accuracy of the retrieved profiles and partial columns, as a function of the different sources of errors and the vertical sensitivity. Section 5 summarizes the study and puts forward some perspectives.
IMG Instrument and Spectra
[7] The IMG instrument was developed under the initiative of the Japanese Ministry of International Trade and Industry (MITI), to be part of the ADEOS sun-synchronous, ground track repeat, polar-orbiting satellite.
[8] The IMG mission aimed at measuring the distributions of the main atmospheric greenhouse gases from space. To reach these objectives, the instrument was chosen to be a high spectral resolution (10 cm Maximum Optical Path Difference) Fourier transform spectrometer, operating in three separate bands, extending from 2387 to 3030 cm À1 (band 1), 2000 to 2500 cm À1 (band 2) and 600 to 2000 cm
À1
(band 3). The Field Of View (FOV) was defined by the size of the detectors as three squares of 8 km Â 8 km footprint on the ground [Kobayashi et al., 1999] . Radiometric performances on flight satisfied the designed and scientific requirements in bands 2 and 3 but band 1 failed to reach the specifications in terms of signal-to-noise ratio.
[9] As a result of the arrangement of the detectors (band 2 being at the center of the FOV while band 1 and 3 were slightly off axis), the Instrumental Line Shape (ILS) in the band 3 of interest to this work, is broadened not only by FOV effects but also by the impact of off-axis incident light into the instrument. We have used the formulation of Kauppinen and Saarinen [1992] to model this distortion but additional broadening of the ILS proved necessary to reproduce the measurements around 10 mm, as shown by the spectral fit of CO 2 lines laying on both sides of the ozone band (Figure 1 ). This leads to a total ILS with a Full Width at Half Maximum (FWHM) of 0.19 cm À1 at 1000 cm À1 .
[10] Because of the huge flow rate of data, IMG operations were limited to periods of four successive days, except for one specific period of 10 days, 1 -10 April 1997. Furthermore, the data were recorded as series of six measurements, each separated by 86 km along the track, followed by deep space observations and internal blackbody calibrations. These constraints, combined with the short lifetime of the mission (August 1996 to June 1997), resulted in a relatively limited number of high-quality nadir infrared spectroscopic measurements from space. Studies on the IMG spectra have been successfully undertaken to retrieve global columnar abundances of several species (O 3 , CO, CH 4 ) [Clerbaux et al., 1998 HadjiLazaro et al., 1999; Turquety et al., 2002 Turquety et al., , 2004 . Other species show absorption bands in the IMG spectra (e.g., CO 2 , N 2 O, HNO 3 , CFC-11, CFC-12) [Chédin et al., 2003; Clerbaux et al., 2003; Coheur et al., 2003; Lubrano et al., 2002] , though for those no retrievals have yet been reported.
Retrieval Method and Data Analysis
[11] The results presented in this work were obtained using the Atmosphit software, recently developed at the Université Libre de Bruxelles [Barret et al., 2005] .
Forward Modeling
[12] Given an a priori atmosphere divided in discrete levels, the general forward radiative transfer equation can be written as
where y is the measurement vector containing measured radiances, x is the concentration profile to be retrieved and b represents all other model parameters having an impact on the measurement. E is the measurement noise and F is the forward radiative transfer function.
[13] In Atmosphit, a synthetic spectrum is computed from equation (1) using the line parameters (positions, intensities, broadening and shifting parameters, including their dependence on temperature), and absorption cross sections for the heavier molecules, as collected in spectroscopic databases (e.g., HITRAN [Rothman et al., 2003] or GEISA [JacquinetHusson et al., 1999] ). The water vapor, carbon dioxide, oxygen and nitrogen continua are also included. For water vapor, the recently issued MT-CKD model is chosen [Clough et al., 2005] . For the molecular lines, a Voigt line shape is used in each atmospheric layer. The resulting spectrum is then processed to account for the ILS, including the eventual distortion generated by straight and tilted FOV effects.
Retrieval Concept
[14] The goal of the retrieval is to find the state vectorx, an approximate of the true state x, that is most consistent with the measurement and a priori information. The specific problem of retrieving vertical profiles from nadir spectra, which provide an integrated view of the atmosphere, is ill conditioned and has no unique solution. The retrievals need therefore to be regularized in order to produce meaningful results. In the Atmosphit software, this is done using the Optimal Estimation Method (OEM) [Rodgers, 2000] . In the OEM formalism, the inverse problem can be written aŝ
where x a is the a priori profile andb is an estimate of the model parameters b, including, e.g., pressure, temperature and other gases volume mixing ratios. S a and S e are the a priori and measurement covariance matrices, respectively. R is the inverse transfer function.
[15] In this study, a priori information for ozone volume mixing ratio was built as in the work by Turquety et al. [2004] , considering the Model for Ozone and Related chemical Tracers climatologies (MOZART) Hauglustaine et al., 1998 ] for the volume mixing ratios up to the tropopause and from the monthly satellite 4D ozone climatology from Li and Shine [1995] higher up. A single a priori profile was used for all retrievals: It is a globally averaged profile, defined by layers of 1 km from the ground up to 100 km and generated by considering two profiles per month on the 2.8 Â 2.8°MOZART grid. The a priori covariance matrix S a was generated from the same set of vertical profiles and thus represents the yearly spatial and temporal variability of ozone. The measurement covariance matrix S e was chosen to be diagonal with identical s e 2 Figure 1 . Portion of an IMG spectrum in band 3 (shaded line) around the ozone band at 10 mm. The solid spectrum gives the spectral fit using the modeled ILS in two microwindows dominated by CO 2 absorption lines. The residual spectrum and the associated RMS are also provided. The bottom plots give the individual contributions due to O 3 , H 2 O and CO 2 . The dotted lines indicate the limits of the spectral range considered for the ozone profile retrievals. diagonal elements characterized by s e = 1 Â 10 À7 W/ (cm 2 .sr.cm À1 ). The s e value, which accounts for all the systematic sources of errors including the radiometric noise, was adjusted on a sample of spectra such as to minimize undesired oscillations in the retrieved vertical profiles, while providing a good spectral fit and keeping the relevant information from the measurements.
[16] In the case of a moderately nonlinear problem, the solution of equation (2) is found by iteration of:
which introduces the Jacobian matrix K = @y/@x, the rows of which are the partial derivatives of the measurement with respect to the retrieved variables. The retrieved state is obtained after convergence, when the absolute difference between every element of F modeled at the two last iteration steps, jF(x i + 1) À F(x i )j, is less than a fraction (20%) of s e .
Characterization of the Retrievals and Error Analysis
[17] The characterization of the information contained in the measurements and the computation of the error sources are essential to access the potential of remote sensing instruments to probe the atmospheric composition. The characterization is performed relying on the linear approximation, as formalized by Rodgers [2000] . In such case, the retrieved state is given by:
whereb are the approximate of the model parameters b and K b = @F = @b. G and A are the gain and averaging kernel matrices, respectively, defined by:
[18] The averaging kernels provide an interesting measure of the sensitivity of the retrieved state to the true state: At a given level, the peak of the averaging kernel gives the altitude of maximum sensitivity whereas its full width at half maximum can be interpreted as the vertical resolution of the retrieval. The vertical sensitivity of the retrievals can also be evaluated by means of the information content (H) or the degrees of freedom for signal (hereafter DOFS or d s ). H represents the reduction in entropy of a probability density function (in our case the knowledge of the ozone vertical distribution) before and after the measurements, whereas d s is an estimate of the number of independent pieces of information contained in the measurements [Rodgers, 2000] . They are calculated as:
where the l i are the singular values ofK = S e [19] The error on the retrieved quantity can be calculated as the difference between the retrieved state and the true state. From (4) one has:
It follows from the right-hand side of equation (9) that the total error decomposes into different contributions, related respectively to the smoothing error, which accounts for the sensitivity of the measurements to the vertical structure of the atmospheric variable to be retrieved, the measurement error and the forward model parameters error. Their covariances are calculated as
The computation of the first error term calls for the previously defined S a covariance matrix. In equation (11) S n is a covariance matrix representative of the true measurement error. It is taken diagonal, with elements being the variances of the radiometric noise. The S b covariance matrices used to compute the errors due to uncertainties on the model parameters are also assumed to be diagonal. The total error covariance is obtained by summing the individual contributions: [20] In the retrievals, the entire ozone band between 980 and 1100 cm À1 was considered, without gaps. This spectral region encompasses most of the strong ozone absorption lines in the thermal infrared and is also relatively free of other interfering gases, with the presence of only some lines of H 2 O and CO 2 (Figure 1 ). The CO 2 profile was kept constant in the retrieval whereas ozone was fitted along with surface temperature and water vapor column. The ozone volume mixing ratios (vmr's) were retrieved in 1 km thick layers from the ground to 60 km and in two additional 20 km thick layers at higher altitudes.
Application to the Analysis of the IMG Data
[21] Additional input parameters include the pressure and the temperature profiles. These were taken from the European Center for Medium Range Weather Forecasts (ECMWF) and were interpolated to the date and location of the IMG measurements. The spectroscopic parameters were extracted from the recently issued GEISA-IASI 2003 database [Jacquinet-Husson et al., 2005] , which contains important updates for ozone in the infrared.
[22] A set of clear-sky spectra ] colocated to within 3°of longitude and latitude with seven NDSC or WOUDC stations representative of different latitudes, embracing polar, midlatitudes and tropical regions, and providing high-vertical-resolution ozone soundings, has been considered ( Table 1 ). The temporal coincidence criterion was one day. This provided us with an ensemble of 23 sonde measurements and 69 coincident clear-sky IMG observations, during a period extending from December 1996 to June 1997. The sonde measurements, which are performed at a very high vertical resolution, need to be smoothed in order to account for the lower resolution of the IMG observing system and thus to allow a meaningful comparison with the retrieved ozone profiles. The smoothed ozone sonde profiles x s are calculated from the measured profiles x sonde according to [Rodgers, 2000] :
Results and Discussion

Retrieval and Characterization of the Ozone Profile
[23] Examples of spectral fits and of the associated retrieved ozone profiles are provided in Figure 2 , for measurements colocated above the Uccle and Ny-Alesund stations. In both cases, the fit of the ozone band is satisfactory, with the residuals being somewhat larger than the one obtained for the fit of CO 2 lines laying on both sides, but close to the s e value selected to constrain the retrievals (Figure 1 ). Fits achieve c 2 values of 0.7 and 0.2, which is indicative of the conservative approach used in the choice of s e .
[24] For the two examples, the retrieved ozone profiles are in good agreement with the sonde measurements, over the entire altitude range covered by the latter (Figure 2b ): The relative differences calculated with respect to the ozone sondes, smoothed according to equation (14), do not exceed 50% in the altitude range investigated. In particular, the retrievals provide a very good representation of typical structures in the ozone profile, such as the lower height of the stratospheric ozone maximum in Ny-Alesund and the presence of a secondary ozone maximum in the upper troposphere -lower stratosphere at Uccle. The higher ozone contents found at northern midlatitudes is well known and likely due to a combination of increased photochemistry and of the downward transport of ozone-rich air, from the stratosphere to the troposphere, which reaches a maximum in late winter and early spring [Lelieveld and Dentener, 2000] .
[25] Further illustration of the potential of the thermal infrared nadir measurements to capture some fine variations of the ozone vertical distribution is given in Figure 3 , which shows the retrieval result for an IMG measurement made within the Arctic vortex on 2 April 1997. The ozone column for this particular measurement is lower than usual for the region and the associated profile is characterized by a typical decrease of the ozone amount in the 12-24 km altitude range. The latter is due to the very low-stratospheric temperatures observed until the beginning of April 1997 in the Arctic, which enabled the formation of polar stratospheric clouds and thereby activated the chlorine chemistry [Coy et al., 1997] . Very similar observations of the ozone depletion were made with the GOME instrument on the same day [Eichmann et al., 1999; Hoogen et al., 1999b] .
[26] For the measurements depicted in Figure 2 , which correspond to surface temperatures of 255 K at Ny-Alesund and 280 K at Uccle, d s values of 2.9 and 3.3 are respectively calculated. This suggests that these measurements contain about three independent pieces of information on the vertical distribution of ozone. More generally, as demonstrated earlier by the analysis of the MOPITT CO measurements [Deeter et al., 2004] , it is expected that the information increases with increasing surface temperature. For the present ozone retrievals, which cover a range of surface temperatures between 220 and 300 K, this relationship is depicted in Figure 4 : It is seen that the DOFS at the different stations and dates varies almost linearly with temperature, between 2.2 (polar regions in winter) and 3.9 (tropical regions).
[27] Figure 5 provides a detailed insight on the sensitivity of the measurements to the O 3 vertical distribution. In Figure 5 , the averaging kernels for 6 km thick partial columns from the ground to 30 km are given for three reference cases, characterized by high (d s = 3.9, H = 11.0), medium (d s = 3.3, H = 8.3) and low (d s = 2.9, H = 6.4) sensitivities. The analysis reveals that the information is, in all cases, maximum from the middle troposphere to the middle stratosphere. In the most favorable situation ( Figure 5 , left), this information can be represented by three prominent averaging kernels, corresponding to the 6 -12, 12-18 and 18-24 km partial columns, with an additional component (0 -6 km) that brings some information down to the surface and a broad component that extends the sensitivity toward higher altitudes. The decrease of the information content characterizing the other two cases ( Figure 5 , middle and right), affects on the one hand the two stratospheric components, which broaden and begin to overlap each other, and on the other hand the sensitivity to the boundary layer. On the contrary, the averaging kernel for the middle troposphere (6 -12 km) is weakly affected and becomes the dominant contribution to the integrated measurement response.
[28] The present analysis of the information content shows similarities with the results obtained by Bowman et al. [2002] for simulated measurements corresponding to the characteristics of the TES instrument. For the latter, which has a nominal resolution of 0.1 cm
À1
, a better vertical resolution and an improved sensitivity on ozone in the 1 to 4 km altitude range are, however, expected.
[29] The error analyses, an example of which is provided in Figure 6 , confirm that the retrievals are mainly driven by a priori information below 5 km and above 40 km. The ratio of the variability (square root of the S a diagonal elements) to the total error (square root of the S total diagonal elements), which indicates the extent of information that the measurements add to the a priori ozone profile (i.e. the reduction of the uncertainty on the ozone profile provided by the retrievals), varies between 1.3 and 3.7 in the 5 -40 km altitude range. It is always greater than 2 above 7 km and reaches the highest values in the upper troposphere and the lower stratosphere. Figure 6 also shows that the smoothing error is the dominant error. Additional significant contributions include the measurement error, as well as the errors introduced by the inaccurate knowledge of the temperature profile and of the ILS (2 K and 2% variances on these quantities were respectively considered in the computation of equation (12)). The individual errors due to the surface properties (temperature and emissivity) and to the humidity À7 W/(cm 2 sr cm À1 ) correspond to the s e value selected to constrain the retrievals. (b) Retrieved ozone profiles in number density units and relative differences calculated with respect to the smoothed ozone sonde profiles at the two locations. The a priori profile is also shown.
profile are found to be lower than 5% and are not shown in Figure 6 . The same conclusions hold for the different locations investigated here. Indeed, it is generally found that the total error varies between about 25 and 50% but that it is two to three times smaller than the a priori variability.
The error is maximum around 10 km as a result of the tropopause variability. Interestingly, the most variable sources of error are those due to the upper-air temperature profile and to the ILS. The specific retrieval problems that are due to the poor characterization of the instrumental contribution (10) - (13)) and of the a priori covariance matrix, respectively. The errors due to the surface properties (surface temperature and emissivity) and to the humidity profile, which contribute only weakly, are not shown. The a priori variability is given for comparison.
in the IMG spectra were highlighted earlier by .
Validation of the Retrieved Profiles With Respect to the Sonde Data Set
[30] In light of the above conclusions, and in order to perform a statistical comparison between the ozone profiles retrieved from the satellite measurements and the local measurements provided by the sondes, we have calculated three partial columns, corresponding to the merged 0 -12 (troposphere), 12-24 (lower stratosphere) and 24-30 km layers. The 30 km upper limit was chosen to include all sonde data. The partial columns from de sondes profiles, smoothed by the averaging kernels, have been considered in the comparison. The results are presented in Table 2 and in Figure 7 . Table 2 also includes the comparison of the total column of ozone with that measured by the Dobson instruments, when available.
[31] In most of the cases, it is observed that the retrieved tropospheric ozone values, from the ground up to 12 km, are overestimated with respect to the sonde data (positive bias of 21%). This is especially true in the Southern Hemisphere tropical (Easter Island) and midlatitude (Lauder) regions, which are characterized by the lowest-tropospheric ozone contents ($25 DU). With the exception of these two particular sites, the overall bias for the ground to 12 km partial column decreases to 4%, thereby highlighting the potential of the infrared remote sensor to sound ozone into the troposphere. The remaining disagreement between the satellite derived values in the troposphere and the sonde data can be explained, in part, by the limited sensitivity of the thermal IR nadir measurements toward the boundary layer, as discussed previously. The systematic errors due to, e.g., the ILS definition and the temperature profile, which are largest around the tropopause, also contribute to the discrepancies observed. Finally, it has to be kept in mind that the coincidence criteria selected are not optimal to perform an accurate comparison of the rapidly changing tropospheric ozone content.
[32] The retrieved lower-stratospheric partial columns (12 -24 km) are in excellent agreement with the sonde data (correlation coefficient of 0.98), allowing to reproduce both the low and the high ozone concentrations in that altitude region. The comparison suggests, however, a slight tendency of the retrievals to underestimate the 12 -24 km partial column, except in the polar region. Also the 24-30 km partial column is accurately retrieved from the IMG spectra in most cases (correlation of 0.93). These results open promising perspectives to study, with future sounders, Stratosphere-Troposphere Exchanges (STE) for ozone on the global scale. This is essential to discriminate the relative contribution of this process relative to others (pollution and burning sources, long-range transport, photochemistry) in the regulation of the tropospheric ozone content.
[33] The results demonstrate finally the ability of the nadir sounders to capture temporal variations of ozone in the troposphere and the stratosphere, in addition to the spatial variations. This is best seen with the retrieval results obtained over Ny-Alesund, which include 7 days of IMG measurements within a period extending from January to the end of April 1997 (Figure 8 ). The ozone depletion within the Arctic vortex, which is observed in the lower stratosphere in springtime, appears clearly in Figure 8 .
Toward a Synergetic Use of Infrared and UV-Visible Measurements From Space
[34] The AURA and MetOp platforms carry both infrared and UV visible instruments, which will simultaneously measure ozone. Their sensitivity to the ozone vertical distribution is, however, different. From the analysis of the GOME measurements, the maximum sensitivity is found in the stratosphere, with a resolution between 5 and 9 km [Hoogen et al., 1999b; Munro et al., 1998] . Outside this altitude range, the resolution decreases to 10 km. Hoogen et al. also show that the tropospheric ozone component retrieved from the UV-visible measurements is moderately correlated to the ozone content in the lower stratosphere. The ozone profile retrievals from GOME using either the optimal estimation method [Hoogen et al., 1999b; Munro et al., 1998 ] or a feed forward neural network algorithm [Müller et al., 2003 ] provide good overall agreement with respect to sonde data (10% relative difference), although some finer structures in the lower stratosphere can hardly be reproduced. By comparison, the present work demonstrates that the thermal IR remote sounders offer better sensitivity in the troposphere and the lower stratosphere, with two independent pieces of information that can be retrieved below 25 km in most cases. The two resulting partial columns (ground to 12 km and 12-24 km) agree with the local sonde measurements to generally better than 10%, which is similar to the accuracy of the UV-visible instruments higher up. For high radiances, the thermal infrared instruments also provide information on ozone in the boundary layer. A synergetic use of both types of instruments, sounding the same air mass, is therefore expected to improve significantly the accuracy as well as the vertical sensitivity of the retrievals.
Conclusions
[35] The retrieval of ozone vertical profiles from a set of high-resolution FT nadir spectra recorded by the IMG instrument between December 1996 and June 1997 has been performed for the first time. The optimal estimation method was used in the retrievals, along with a priori information built from model climatologies. We have demonstrated that the IMG measurements contain between two and four independent pieces of information on the vertical ozone distribution, depending on the Earth's outgoing radiance. It was found that the sensitivity is maximal between 7 and 22 km. On the basis of the error analysis, it was concluded that the retrieval enables to reduce the uncertainty on the a priori ozone profile by a factor two to three, in the 5 -40 km altitude range: The total error is dominated by the smoothing error, with additional contributions attributed to the measurement noise and the imperfect characterization of the temperature profile and of the ILS.
[36] The comparison of the retrieved ozone profiles with coincident sonde measurements, performed at seven representative sites, has revealed the potential of the satellite measurements to capture the spatial and temporal variations of the ozone content in the troposphere and in the stratosphere. In particular, it was shown that the profile retrievals allow the extraction of at least three ozone partial columns (ground to 12 km, 12 to 24 km and 24 km to higher altitudes), which agree with the sondes data to generally better than 10%. Especially the lower-stratospheric column (12-24 km) can be accurately retrieved from the IMG measurements. Most importantly, we have found that the trospospheric ozone amount is also well measured, except in the Southern Hemisphere, where it is characterized by low values. Based upon these results, it was demonstrated that the measurements contain sufficient information to reproduce the height variations of the stratospheric ozone layer between the different sites but also some finer variations in the ozone distribution. These include the observations of a secondary ozone maximum in the upper troposphere -lower stratosphere at northern midlatitudes and of the stratospheric ozone depletion events in the Arctic during springtime. The high sensitivity of the measurements to ozone in the free troposphere and the lower stratosphere is expected to make significant contribution to the understanding of STE.
[37] More generally, the results presented in this work have highlighted the scientific return to be expected from the operation of new generation space-borne infrared tropospheric sounders (e.g., TES/AURA and IASI/METOP). It is further foreseen that a synergetic use of IR and UV-visible instruments, which would take advantage of the better sensitivity of the IR measurements toward ozone in the troposphere and lower stratosphere and of the UV measurements higher up, will improve both the accuracy and the vertical resolution of the profile retrievals. This piece of research will bring essential information to get a better insight into the changing ozone distributions on the global scale.
